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Introduction

The main effort for the period June 1, 1995 through May 31, 1996 has been in the

development of materials for high temperature applications. Thermal Protection Systems

(TPS) are constantly being tested and evaluated for thermal shock resistance, high

temperature dimensional stability, and tolerance to environmental effects. Materials

development was carried out through the use of many different instruments and methods,

ranging from intensive elemental analysis to testing the physical attributes of a material.

There were two main areas of focus including (1) development of coatings for

carbon/carbon composites and (2) development of ultra-high temperature ceramics

(UHTC). This report describes the progress made in these two areas of research during

this contract period.

(1) Development of Protective Coatings for C/C Composites

The thermal and structural properties of C/C composites are ideal for many thermal

protection applications. However, carbon is highly reactive in an oxidizing environment

and must have a protective coating to insure its survival in a reentry environment. One

potentially useful method of protecting these materials involves coating the surface with a

polymer which is subsequently pyrolyzed to form an inert inorganic surface layer. Several

polymers have been tested in an effort to produce an inert surface layer. It has been found

that, under the pyrolysis conditions used so far, the surface layer contains a large amount of

siliconoxycarbide (SiCO). It is important to determine the composition of this pyrolysis

product and then to correlate it with coating preparation procedures in order to develop

more effective protective layers.

Several experimental methods have been used to examine the changes in

composition of the polymer under different pyrolyzing conditions. These include Infrared

(IR) spectroscopy, thermogravimetric analysis and Inductively Coupled Plasma (ICP)



emissionspectroscopy.TheICP providesthemostquantitativecompositionaldataon

theseandothermaterialscontainingboron,silicon,aluminum,andzirconium. However,

samplesto beanalyzedwith theICP- Atomic Emissionspectroscopy(AES)mustbe

dissolvedinto asolution.Manyof thenewlydevelopedmaterialscontainingcarbidesand

boridesareveryresistantto traditionalmethodsof dissolution,sonewapproaches,suchas

alkali carbonateflux dissolutions,arebeinginvestigated.

Carbonate Flux Dissolution of Carbides

In orderto bringtheSiCOintosolutionusingmineralacids,it mustfirst befused

with analkalicarbonateat hightemperature.Unfortunately,theuseof sucha methodoften

resultsin materiallossesthatwill taint theendanalysis.It wasdiscoveredthrough

experimentationthatoveralltherearefourcontrolledvariableswhichdeterminethe

"methodquality* ". Thesevariablesarefusionmaterial,fusiontemperature,fusion

duration,andsampleto fusionmaterialratio.

It wasoriginallybelievedthatthehightemperaturerequiredfor fusionwas

responsiblefor materiallossesdueto theincreasedvolatility of mostsubstancesathigh

temperature.Theuseof abinarymixtureof carbonateswith a low meltingeutecticwas

thereforetestedin anattemptto minimizesuchlosses.Themethodusedpotassiumand

sodiumcarbonatein a l: 1molarratio (eutecticmeltingpointof 710°C)atafusion

temperatureof 800°C. Fusiontimesandsampleratioswerevaried. Theuseof this

methodonpuresiliconcarbideproducederrorsrangingfrom tento twentypercent.The

sourceof thiserroris yetto bedetermined.

Theuseof sodiumcarbonate(m.p.854°C)by itself asafusionmaterialprovedto

bemorepromising. Spotchecksproducederrorsrangingfrom five to tenpercent.

Subsequently,themethodwasfine tunedin thefollowing manner:

* Methodqualityisdefinedasthepercentrecoveryof theelementbeinganalyzed.
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In orderto determineoptimumtemperature,fusionswereperformedat

temperaturesrangingfrom 875°Cto 1000°C,holdingothervariablesfairly constant.The

resultsshowedthatlower temperaturesgavehigherquality,mostlikely dueto volatilization

of componentsduringfusion. Thus,all subsequentfusionswereperformedat 875°C.

Furtherexperimentswererun in orderto pinpointtheratioanddurationthatwould

producethehighestquality. Fusionswereperformedusingashotgunapproachsinceit

wasnotknownwhich sampleto fusionmaterialratiowouldyield thebestresults. A small

representative set of the obtained data is presented in Table 1.

Table 1: Small data set from experimentation

Sample mass Fusion material Ratio Time (min.) Quality

(g) mass (g)
.0329 1.0486 31.9 40 102%

.0273 1.0093 37.0 60 75%

.0260 1.0179 39.15 80 52%

.0314 1.0005 31.9 30 100%

•0264 1.0135 38.4 40 84%

Examination of the data suggests that a ratio of about 0.03 g of sample mass to 1.0 g of a

fusion material in a duration of 30 to 40 minutes would consistently produce quality

ranging from 98% to 102%. Follow up fusion runs confirmed this hypothesis.

Results of Oxidation Resistance Tests

The Scanning Electron Microscope (SEM) has been utilized to support research of

high temperature carbon materials• Carbon tiles and felts were coated with various

materials to protect the carbon from oxidation under extreme conditions. The SEM with

an energy dispersive x-ray analysis unit attached was employed to investigate the different

phases present in the specimens which led to the determination of whether the carbon was



oxidizedornot. To date,thecarbonfibershaveoxidized in all cases, and the research

effort continues.

(2) Ultra High Temperature Ceramics (UHTC)

The materials development effort has focused on advanced UHTC materials that

are borides and carbides of the group IV metals, capable of withstanding temperatures up

to 3000°C in an aeroheating environment. These UHTC materials will allow development

of new types of leading edges for hypersonic vehicles, allowing a sharper reentry

trajectory.

Arc jet testing of several variations of materials was recently completed in the Aero

Heating Facility (AHF) at Ames. The goal was to produce a material that had an oxidation

layer that was thin, dense, and adherent. In order to accomplish this, samples needed

analyses before and after arc jet testing in order to investigate material performance in

aeroheating environments. The samples involved in this series of testing were 0.75" in

diameter and 0.25" thick. Some of the specimens had a small hole bored, by Electric

Discharge Machining (EDM), in the back-face that came within 1/32 of an inch from the

front surface. A fiber optic sensor, mounted inside the model assembly, protruded into

this hole and was used to measure an in-depth temperature. Other sensors were used to

make temperature measurements on the front surface of the specimen. The temperature

differential across the thin oxide layer could then be determined by comparing the two

measurements. The fiber optic sensor was also used to measure the back-face temperatures

of specimens without in-depth holes. On the average, the oxide layers measured about 400

_tm thick and had as much as a 300 ° C temperature drop across them. The measurements

of the back-face temperature showed a 500-700 ° C temperature drop across the full 0.25"

thick sample. Samples were analyzed using matefialography, X-Ray Diffraction (XRD)

analysis, SEM, Energy Dispersive X-Ray (EDX), IR, as well as other techniques. The



ICP wasalsousedto analyzeunknowncoatingsformedon thearcjet modelholders

duringtesting.Theanalysisshowedthatthecoatingsweretheresultof out-gassingby one

of theconstituentsof thesample.In addition,materialographytechniqueshadto be

developedto analyzethemicrostructureof thepre-andpost-testarcjet samples.An

opticalmicroscopewasusedto analyzethestepsin developingmaterialographic

techniques.Uponcompletionof samplepreparation,themicroscopewasusedto obtaina

photographicimagefor reviewingandstudying.Analysisof themicrostructureshowed

thatduringprocessing,agglomerationsformedbetweenfine grainedparticles.These

agglomerationscausedhighlyporousregionsthatinitiatedfailureandcausedpoorablation

performance.Therefore,workneedsto beconcentratedon improvingtheprocessingof

thesematerials.

XRD analysisprovidedusefulinformationin two areas.First,standarddiffraction

patternsweretakenof eachsampleprior to testingtocheckfor impuritiesandunexpected

phasetransformationsthatmayhavebeenproducedin theprocessingstage. It wasfound

thatnonewphasesformedduringprocessingandthatimpuritieswerenegligible. Second,

back-surfacestressanalysisof post-testsampleswascompleted.To do this test,a

differentX-Ray tubehadto beinstalledin theXRD. Thisrequiredfull readjustmentand

calibrationof themachine.A powdersamplecontainingthesamematerialcombinationas

thearcjet sampleswasanalyzedto determinethebaselinestress(A powdersampleshould

haveasurfacethatis relativelystressfree). After thisanalysiswascompleted,pre-and

post-testsampleswereplacedin theXRD to measuretheback-surfacestressdueto arcjet

testing. It wasfoundthatthebackfaceof thepost-testsampleswereincompression

unexpectedly.XRD diffractionpatternswerealsotakenonselectedpost-testsamplesto

analyzethechangein surfacechemistrydueto theformationof theoxidationlayer. In the

future,all testsurfaceswill beanalyzedfor determinationof materialspresentbeforeand

aftertesting.
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Flexuraltestingandanalysisof UHTC materials,usingfour-pointbendingin

accordancewith MIL Standard1942,werealsocompleted.Therelativestrengths

pertainingto differentcombinationsof ZrB2,ZrC, andSiCwereevaluated.Therelative

strengthof HfB2/SiCwasalsoexamined.Pre-testanalysisperformedoneachsample

consistedof bulk density,andweight loss/gainmeasurementsalongwith sonicmodulus

testing. Thesonicmodulus is usedasanon-destructivetechniqueto estimateYoung's

Modulus. It involvesmeasuringthenaturalfrequencyof thematerialwhenit is tappedand

convertingthatintoamodulusviaanequationthatrelatesthefrequencyto sample

dimensionandothermaterialproperties.Flexuraltestingwasperformedusingacomputer

controlledInstron1122testingmachine.Datareceivedfrom theInstron'scomputerarein

aform thatis noteasilytransferableto othercomputerplatforms,somacroswerewritten

in anEXCELspreadsheetto analyzethedata.Thesemacrosareadaptableto futuretesting

programs.Post-testanalysisalsoinvolveddoingmaterialographyonspecimensafter

fracture.A correlationbetweenstrength,SiCagglomerations,anddensitywasdeveloped.

Fromcomparingmicrographsto averagestrength,averagedensityandSiCagglomeration

formations,it wasconcludedthatwhileadditionsof SiChelpedto increasetheaverage

densityandstrength,porousagglomerationsof SiClimited thestrengthspossible.It is

knownthataproperlyprocessedZrB2/SiCmaterialcanexhibit strengthson theorderof

140ksi. In this groupof specimensthehighestindividual strengthrecordedwas108ksi,

but a high standard of deviation in strengths brought the average down to 45 ksi. This is

attributed to a high quantity of SiC agglomerations that were formed during processing.

However, these flexural bars were machined out of a scrap section of the pressing billet

and are presumed to be a worst case scenario. The conclusion from flexural and Arc-Jet

testing is that further work needs to be concentrated on the processing of these materials to

improve the uniformity of the specimens and reduce SiC agglomerations.

A new all graphite model holder, coated with SiC for reusability, has also been

designed for the next series of arc-jet testing. The purpose of the upcoming experiment is



to measurethecatalyticityof UHTC materials.Thespecimensizehasbeenchangedto 3"

in diameterand0.125"thickness.Holeswill beboredinto thesamplethatcomewithin

1/16of aninch from thefront-faceof thesample.More locationsfor fiberoptic sensors

havebeenaddedwith theincreasein diameterof thespecimen.A totalof five sensorscan

beimplementedatonetimeasopposedto only onein previoustesting.This additional

capabilitywill allow in-depthandback-facetemperaturesto becollectedsimultaneously.

Testingis currentlyin progressandis expectedto becompletedwithin thenextyear.
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